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Abstract 
Underground gas storage (UGS) facilities provide a wealth of information, which can be used to better understand various 
aspects of CO2 storage in depleted reservoirs. In some cases UGS facilities can provide important site specific information for 
carbon storage projects that are planned in similar formations in close proximity. In this paper, we discuss the various ways in
which UGS facilities can be used to extract important information, and when possible we draw upon information from the Iona 
gas storage facility in Australia’s Otway basin. The Iona facility is located 20 km away from the CO2CRC Otway Project, in 
which CO2 65445 tonnes of 77 mole% carbon dioxide, 20 mole% methane and 3 mole% other gas components (containing about 
58000 tonnes of carbon dioxide) was injected into the Waarre C formation over a 17 month period. In this paper, we compare the 
factors that control CO2 seal capacity and discuss how UGS facilities can provide information on sustainable column heights 
either limited by faults or by cap rocks. We also present dynamic modeling results in which information is gained regarding 
injectivity, pressure evolution of the reservoir, storage capacity and maximum fluid pressures sustained by the faults. 
Understanding such parameters is important for the safe operation of any carbon storage project, be it on a demonstration or 
industrial scale. 
© 2010 Elsevier Ltd. All rights reserved 
Keywords: Type your keywords here, separated by semicolons ;  
1. Introduction 
Over the past decade, injection and storage of CO2 into depleted oil and gas reservoirs has been proposed as a 
viable method of offsetting high atmospheric CO2 caused by large stationary emission sources. Much of the 
technology and knowledge pertaining to carbon storage in such geologic environments has to some degree stemmed 
from the hydrocarbon industry. However, to fully understand sealing issues and dynamic aspects of CO2 storage, it 
is desirable to be able to draw information from applications which involve active injection of gas. Underground gas 
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storage (UGS) facilities, in which natural gas is stored in gas or oil fields or other porous formations therefore offer 
important vehicles to elucidate uncertainties relating to gas injectivity, reservoir poroelasticity and long term 
reservoir integrity and gas containment. 
As of 2005, there were 635 UGS facilities around the world (see [1]), most of them using oil and gas fields within 
the United States. For the most part, UGS has been conducted safely for nearly a century, with relatively few 
accidents and extremely rare fatalities [1]. This in itself suggests that injection and storage of CO2 is a safe and 
effective option to reduce high atmospheric concentrations of CO2, especially considering its non-flammable 
properties of CO2 relative to methane. Furthermore, it suggests that operators and scientists involved with CO2
storage should be drawing on the wealth of information from UGS facilities to effectively and safely store gas. The 
data available from such UGS facilities not only provide important information that can be applied broadly to 
carbon capture and storage, but they also provide site specific information, which allow geoscientists to quantify the 
geophysical and geochemical behaviour of a given reservoir or seal during and after injection of CO2.
It is with this site specific information in mind that we present data from a case study from the state of Victoria in 
Australia, in which a UGS facility and CO2 storage project are operating in close proximity, using the same 
reservoir/seal pair to store gas. TRUenergy’s Iona gas storage facility began operation in 2000, in response to the 
Longford gas plant incident, which resulted in a complete cut of gas supplies to a significant portion of eastern 
Australia. Since 2000, the Iona facility has been operating successfully with 100 and 260 TJ/day injection and 
withdrawal deliverability, respectively and 12 PJ total storage. The CO2CRC Otway Project is located 
approximately 20 km west of Iona, and represents Australia’s first CO2 storage demonstration project, which to date 
has injected over 65445 tonnes of 77 mole% carbon dioxide, 20 mole% methane and 3 mole% other gas components 
(containing about 58000 tonnes of carbon dioxide) into the depleted Naylor gas field.   
The aim of this paper is to show how UGS facilities can be used as a guide for safe and effective operation of a 
CO2 injection project, both from a generic point of view and from a site specific perspective, as is the case is 
Australia’s Otway Basin. In most cases, gaining information from UGS facilities is not straight forward, as there are 
some important physical and chemical differences between gases like methane and CO2. In such cases, various 
corrections and a degree of caution is needed to viably use data from UGS as guides for CO2 storage. It is hoped that 
the data and ideas presented in this paper will result in more UGS facilities being studied as templates for safe CO2
storage. 
2. The Iona and Naylor Fields 
The Iona gas storage facility is located in the Port Campbell region of the state of Victoria, Australia and is 
operated by TRUenergy. At Iona, methane gas is piped from offshore gas fields and stored in the Upper Cretaceous 
Waarre C Formation, approximately 1300 m below ground level. Structurally, the Iona field is a tilted anticline 
which is bound by two large faults. The south fault behaves as a juxtaposition seal to the gas column, while the seal 
capacity of the north fault is uncertain, as it has barely been exposed to gas (Figure 1). The Iona facility currently 
possesses 5 injection/withdrawal wells and two monitoring wells to monitor the gas water contact. A sixth injector 
well is also in the planning stages. The Waarre C sandstone at Iona is a high permeability sandstone and is divided 
into three units which are intercalated with thin shale units. The Waarre reservoir rocks are capped by the Belfast 
Mudstone, a thick regional seal to most of the gas-bearing reservoirs in the Otway basin. 
The Naylor Field, located approximately 20 km west of Iona, is currently the site of the Otway Project, a CO2
storage demonstration project operated by the Cooperative Research Centre for Greenhouse Gas Technologies 
(CO2CRC). During stage 1 of the Otway Project, CO2 rich gas was piped from the nearby Buttress Field and 
injected into the Waarre C sandstone at a depth of about 2050 m below the surface. Between March 18th, 2008 and 
August 28th, 2009, over 65000 tonnes of CO2-rich gas were injected. The Naylor structure is similar to Iona in that it 
is an anticlinal structure with a juxtaposition fault seal on the main Naylor fault, which partially provides 
containment for the injected CO2.
E. Tenthorey et al. / Energy Procedia 4 (2011) 5534–5540 5535
 Author name / Energy Procedia 00 (2010) 000–000 3
a) b)
3. Seal Capacity Estimation of Faults and Caprock 
Successful storage of CO2 is contingent upon sufficient sealing capacity, both of the fault systems exposed to gas 
and also of the caprock. Generally, caprock seal capacity is determined by mercury injection capillary pressure 
(MICP) analysis, in which the capillary breakthrough pressures are characterized on small specimens in the 
laboratory. Unfortunately, in some cases this technique may have limitations in that it is not able to factor in larger 
scale features such as large cracks, fractures and damage zones associated with faults. Furthermore, injection of 
gases into depleted reservoirs may also lead to complex geomechanical phenomena which may impart some damage 
into the cap rock which wasn’t present initially. Observations of safe methane column heights in underground gas 
storage facilities can therefore yield important information regarding the likely sealing behaviour of CO2 gas in 
similar formations in close proximity. 
It is sometimes believed (perhaps incorrectly) that if a field has held a column of natural gas over a geological 
time frame, then that field should be able to hold a similar column of CO2. Physical properties of both gases, such as 
density and wetting behavior, vary both with pressure and temperature (ie. [2]). Furthermore, it has been suggested 
that the wetting behavior of CO2 also depends on the mineralogy of the sealing rock [3].  In this study, Chiquet et al. 
found that contact angles for mineral/brine/CO2 gas systems could be as high as 60°, which has the implication that 
CO2 may be wetting in some cases and therefore significantly more “leaky” than previously believed. Figure 2 
shows the CO2 column heights as a function of contact angle for two different pressure scenarios; the 1300 m curve 
corresponding to Iona and the 2100 m curve corresponding roughly to the Otway Project The CRC-1 well was 
perforated in the intervals 2053-2059 mRT and 2061- 2064 mRT. It is clear from figure 2 that at low pressures, non-
zero contact angles for CO2 will lead to column heights that are significantly less than for methane (bold line). This 
effect is not as magnified at higher fluid pressures, where column heights in excess of methane are possible at low 
contact angles. Although it is unlikely that the Iona structure has been filled to the capillary breakthrough pressure, 
figure 2 suggests that CO2 may inherently be more leaky at shallower depths despite its higher density (lower 
buoyancy), and that data from gas fields or UGS facilities can provide important safety constraints for nearby CO2
projects.
Figure 1  Structural maps showing a) the Iona structure and b) the Naylor structure, which is currently being used to conduct CO2 injection 
experiments as part of the CO2CRC Otway Project. Depth contours are metres below sea level.. 
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4. CO2  
4. Injectivity and Reservoir Pressure 
The Iona geological model was completed by Resource Investment Strategy Consultants (RISC) for TRUenergy. 
Dynamic modelling and historical matching were also studied by RISC to verify the validity of the model. For this 
study, a 2006 upscaled version of the RISC model was exported from Petrel to CMG’s GEM for reservoir 
simulation. The numerical reservoir model has 79 x 78 x 26 orthogonal grid blocks with a grid block area of 50 x 50 
m. and an average thickness of 1.5 m. 
At Iona, gas is stored in a relatively small sized reservoir (approx. 2 x 3 km) within the Waarre C sandstone with 
a structural closure of 40m. The aquifer connected to the eastern edge of the reservoir is assumed to be Fetkovich 
type. The reservoir has a potential communication with the Waarre B2 sand of the north fault block through a small 
sand-sand juxtaposition at the eastern end of the fault. The transmissibility of the southern bounding faults is set to 
zero, effectively sealing the Iona gas from migrating to the southern blocks. The reservoir permeabilities range from 
hundreds of millidarcies to tens of darcies with an average of 5.5 darcy. The relative permeability curves for natural 
gas are defined using Corey gas with water exponents of 2.5 and connate water saturation Swc of 0.242 as outlined 
in the RISC report. The relative permeability model for CO2 is assumed to be the same as the laboratory 
Figure 2  Graph of CO2 column height as a function of contact angle. Column heights are shown as a percentage of the maximum 
methane column heights  under the same conditions. Two curves are shown: 1300 m corresponds to the approximate depth of 
Iona  and 2100 m for the Otway Project. The CRC-1 well was perforated in the intervals 2053-2059 mRT and 2061- 2064 
mRT. At lower pressures, similar to Iona, capillary seals are able to support a greater column of methane. This is especially 
true for non-zero contact angles. Observed methane column heights at underground gas storage facilities can therefore be used 
as a guide for predicting safe CO2 column heights at nearby CO2 storage projects, under conditions of active injection and 
concomitant deformation.
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measurements using the Waarre C cores from the CRC-1 well  with Swc of 0.444 [4] measured in a single sample 
from one of the facies.  
Historical matching of natural gas production and injection bottom hole pressure was first carried out on this 
numerical model using CMG’s GEM simulation. Figure 3 shows simulated bottom hole pressures against the field 
measured data for Iona-1 well. Both simulated pressures by RISC and GA reasonably match with the observed 
pressure data. The time scale is the number of days from 1 Nov 1992. There is significant pressure depletion at 
around day 2900 (or Nov 2000) because of a period of relatively high gas production. From that time, reservoir 
pressure is affected by alternating period of gas injection and production.  
To investigate the reservoir pressure changes due to CO2 injectivity, hypothetical simulations were run assuming 
that only CO2 is injected by five Iona wells at constant rates into the depleted gas reservoir for a maximum of 20 
years (Nov 2000 to Nov 2020). The study does not consider the possible advantage of enhanced gas recovery and no 
existing CH4 to be produced during the CO2 injection. Figure 4 shows the bottom hole pressure of Iona-1 at different 
total CO2 injection rates as well as the effect of the aquifer influx. With a relatively strong aquifer support, the 
reservoir pressure recovers to a hydrostatic pressure within 2 years since the depletion. CO2 injection using the 
Otway CRC-1 injection rate (approximately 2.5 MMscfd or 129 tonnes/day of CO2) has little effect on reservoir 
pressure over 20 years of injection. This implies that the short term injectivity at Otway would not impose 
significant risk on the integrity of the cap rock and faults. Injecting at higher CO2 rates into the depleted Iona 
reservoir results steeper increases of reservoir pressure in the first two years. At 25MMscfd, the injected CO2 would 
reach the boundary of the modeled reservoir after approximately 10.5 years of injection. The simulation results also 
indicate that approximately 10 MMscfd (536 tonnes/day) of CO2 could be injected over 20 years and it brings the 
reservoir pressure up to around its initial pressure (before natural gas production).  
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Figure 3  Historical matching plot shows simulated Iona-1 bottom hole pressure by Geoscience Australia and RISC versus the measured
data from field.
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The Iona modeling results can also be used to assess the likely CO2 storage capacity provided by Iona and other 
depleted oil and gas fields [5]. We have compared the production volumes for methane to the reservoir volume of 
CO2 at an injection rate of 2.5 and 10MMscfd and find that the recovered capacity is between 61% and 48%, 
respectively.  The CO2 storage capacity was determined at the time when CO2 first breaches the original gas water 
contact. Injection duration is extended to more than 20 years for low injection rate scenarios such as 2.5MMscfd. 
Recovered capacities are significantly below the original because under injection scenarios the GWC is not flat, but 
is sloped due to variable connection to the aquifer and variability in reservoir permeability (Figure 5).  
Iona-1 Bottom Hole Pressure at different CO2 injection rates
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Figure 5  Modelling results showing the original gas water contact on the left and the tilted gas water contact after injecting
10MMscfd of CO2 for 5.3 years on the right. 
Figure 4  Modelling results showing the effect of different CO2 injection rates on reservoir pressure. 
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5. Characterisation of Fault Stability 
Understanding and maintaining fault stability during CO2 injection is an important aspect of any carbon storage 
project. Geomechanical models assessing fault stability can be variably complex, with the most complete 
geomechanical models incorporating stress arching and reservoir stress path effects, in which pore pressure changes 
feed back into the in situ stress field due to poroelastic effects [6]. Whatever type of geomechanical assessment is 
used, it is very difficult to predict the fluid pressure increase that will lead to fault reactivation. This is due largely to 
the fact that fault cohesion and friction are poorly understood parameters. 
During stage 1 of the Otway Project the regional in situ stress field was characterized. We have used this data to 
model the main bounding faults at Iona. Assuming the normal faulting scenario for Otway faults [7] with a 
minimum horizontal stress oriented at 52° leads to high shear stress to normal stress ratios on the Iona faults. Fault 
risking using the methodology described in [8], suggests that 2 MPa of fluid pressure can be sustained by the faults 
at Iona, assuming zero cohesion a friction coefficient of 0.6. The pressure oscillations at Iona have actually been on 
the order 1-2 MPa, with no evidence of fault movement or seismicity. This observation suggests that faults cross-
cutting the Cretaceous Waarre C do possess some strength and may therefore possess either higher friction and/or 
cohesion. This observation is important and suggests that the bounding faults at the Otway Project will not reactivate 
under the injection pressures that are planned in future experiments.  
As discussed, geomechanical models for fault reactivation can also incorporate more complex phenomena. 
Currently a 4D geomechanical model is being constructed for the Iona reservoir, so that complex stress 
redistributions within the reservoir and caprock can be characterized. 
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